Abstract-In the past two decades, the reliability and safety of helicopters have attracted the attention of many researchers. Especially with the development of Unmanned Helicopters, Fault Diagnosis approaches were used for manned or unmanned helicopter platforms. In this paper, a brief state-of-the-art on Fault Diagnosis approaches is presented for helicopters, including analytical model-based, signal processing-based and knowledge-based Fault Diagnosis approaches. A short description of fault types is presented before the main part of the review.
I. INTRODUCTION
Helicopters are widely used due to their features of long hovering in the air, Vertical Take-Off and Landing (VTOL) capability, low-altitude, low-speed and flexible flight. Therefore, these characteristics of helicopters have a wide range of military applications but also in the civilian domain. The development of sophisticated and reliable unmanned helicopters has become an attractive research topic in academic communities worldwide [1] and numerous research groups and companies designed their unmanned helicopter platforms, such as Yamaha-R50-based Unmanned Aerial Vehicle (UAV) Helicopters of Carnegie Mellon University[2], GTMax of Georgia Institute of Technology [3] , Lion UAV Family of National University of Singapore [4] and ServoHeli Family of Shenyang Institute of Automation Chinese Academy of Sciences [5] [6] .
At the same time, helicopters do not have the graceful degradation properties as of fixed-wing aircrafts or airships in case of failures. Especially unmanned helicopter system normally has small size, light weight, compact structure and has no sensor and actuator redundancy. Thus, a fault/failure in any part of unmanned helicopters (actuators, sensors, control system, etc) can be catastrophic. If the fault/failure is not detected and accommodated, the helicopter may crash [7] . The structural characteristics, conditions of use and environment make helicopter accident rate far higher than fixed-wing aircraft. More than 160 civil helicopter accidents occurred in the United State of America in 2012 [8] .
In order to maintain the acceptable performance of the system when a fault occurs, Fault Detection, Isolation and Recovery (FDIR) technique is necessary. FDIR techniques are means to offer increased reliability and safety to the system. Fault Diagnosis (FD) is the base of FDIR. In general, FD techniques have been widely used in process industry to detect faults in actuators and sensors [9] and generate crucial information to achieve a successful active Fault Tolerant Control (FTC) System design [10] . With FD techniques, the control strategy or mission planning after detection a fault can be changed. Generally speaking, FD contains three steps: fault detection, fault isolation and fault estimation [9] . Fault detection is to decide whether or not a fault has occurred, fault isolation is to determine the location of the fault and fault estimation is to determine the kind of fault and its severity. Traditionally, FD techniques can be split into three ways: analytical model-based approaches, signal processingbased approaches and knowledge based approaches.
In recent years, increasing demands for helicopter safety has attracted more and more attention. Several review/survey papers related to the safety topic on aerial vehicles have appeared in recent years [11] , [12] , [13] . In this paper, a brief state-of-the-art on FD approaches for helicopters is presented . The proposed review includes journal articles in last two decades, conference articles in last several years and some books, in open literature, relate to FD approaches on helicopters, containing only on-line and real time approaches. The experiment plants include manned and unmanned helicopters.
The paper is organized as follows: fault classification is presented in Section II. Section III presents a summary of FD approaches investigated or developed for manned or unmanned helicopters. Section IV ends the paper by conclusions.
II. FAULT CLASSIFICATION
During helicopter experiments and applications, all kinds of faults may appear. Faults can be classified according to their location of occurrence in helicopters.
Actuator faults: They represent loss partially or totally of actuator's control action. The actuator faults of helicopters mainly include constant output faults, constant gain change faults and drift faults. A constant output fault means no matter what the input value is the actuator will stay at a fixed position, like servo stuck and main rotor flameout (stuck at zero position). Constant gain faults represent that the actual output values of actuators are γ (γ < 1 or γ > 1) times of the normal case, like servo power decline and main rotor power decline. Drift faults mean the actuator output value is like a weather-vane with the attitude of helicopter changes.
• Constant output faults: u actuator (t) = a where a is a constant value (includes zero equivalent to be out of order) [14] .
• Constant gain change faults: u a (t) = γu n (t) where u n (t) is the nominal value and γ is a constant value.
• Drift faults: u a (t) = γ(t)u n (t) where γ(t) is a stochastic value or a function of some variables. On the other hand, Heredia et al. [7] classify actuator faults according to the location of actuators and whether they stuck or not. (1) One servo involved in rolling (or pitching) motion has a failure, but does not get stuck. (2) The servo involved in rolling (or pitching) motion actually gets stuck, so both the collective and the rolling (or pitching) actuators will not work. (3) The collective actuator can no longer work, or it may work with a limited range, due to a failure in the mechanical links.
Sensor faults: They represent incorrect readings from the measurements that the helicopter is equipped with. Sensor faults mainly include total faults, constant bias faults, constant gain faults and outlier faults. Total faults are very terrible condition, in which the sensor outputs are not related to the values of measured physical parameters. Constant bias faults are popular faults in analog sensors. The expression of these faults is constant values added behind the correct measured values. Constant gain faults are the same as the actuator faults. Outlier faults generally appear in the Global Positioning System (GPS) sensor. The sensor may output a large error value at a moment and then the sensor output correct values. For example, typical results obtained in 24-hour static tests show that estimated position error was less than 2 cm most of the time, but also include several groups of 2 to 5 contiguous points with a 20-60 cm error, which appear from time to time with no predictable frequency [15] .
The models of these kinds of faults can be described as follows [16] :
• Total faults: y s (t) = β where β is a constant value (includes zero) or a stochastic value.
• Constant bias faults: y s (t) = y(t) + ∆ where y(t) is the normal value and ∆ is a constant value [17] .
• Constant (or drift) faults: y s (t) = βy(t) where y(t) is the normal value and β is a constant value (or is a function of time t).
• Outlier faults: y s (t) = y(t) + aδ(t − t 0 ) where y is the normal value, a is a stochastic value, t 0 is the time, fault occurs and δ(t) is a pulse function:
Component faults: They represent faults in the component of the plant itself. This fault represents changes in the physical parameters of the helicopter, like helicopter tail lost and part of tail rotorcraft lost [18] . The model of component faults cannot be described individually. They will influence the plant model.
III. FAULT DIAGNOSIS APPROACHES
The existing FD techniques can be split into three categories: analytical model-based approaches, signal processing-based approaches and knowledge based approaches. Following discussions will be carried out according to the three categories.
A. Analytical model-based approaches
Analytical model-based FD approaches consider mathematical model to carry out FD in real-time. Because of flight dynamics and aerodynamics, helicopter modeling is very complex and difficult, especially rotor modeling [19] . Development of helicopter modeling technology is mainly the development of rotor modeling, and it experienced momenttheory, blade-element-theory and vertex-theory rotor modeling technology. So far, many research groups are constructing their own unmanned helicopter platforms for their research purpose and a number of system identification methods have been proposed to derive linear or nonlinear model for specific flight conditions or envelope [20] . Their role is to estimate states or parameters based on the system analytical model associated with input-output data. Montes de Oca et al. [21] have developed an Unknown Input Observer (UIO) with LPV system for fault identification of a two degree of freedom (DOF) unmanned helicopter. Liu et al. [22] also designed an UIO to track actuator fault parameters and decouple the effect of faults and unknown inputs. Zhang et al. [14] assume thatḟ (x) = 0 after the fault occurrence to simplify the observer design and use it for fault estimation of a unmanned helicopter in the vertical plane. Heredia et al. [23] , [24] , [7] used an input-output model and Luenberger observer for actuators and sensors fault estimation. It can be seen from the experiment result, a constant sensor output fault or a sensor out of order fault are easily detected by the fault detection system with a short time delay. However fault sensor with additive or multiplicative error are detected depending on the fault magnitude. If the ratio between fault magnitude and noise level are too small, they cannot be detected. Arne et al. [25] have designed fault isolation observers for square and non-square linear systems and provide a design that guarantees stability of the observer and minimize the influence of disturbances on the residuals at the same time.
Various kinds of Kalman filters used include standard Kalman Filter (KF), Extended Kalman filter (EKF) and Unscented Kalman Filter (UFK). The Kalman filter in statespace model is equivalent to an optimal predictor for a linear stochastic system in the input-output model. EKF applies the standard linear Kalman filter to nonlinear system based on linearization of nonlinear system models. UKF approximates the distribution of the state with a finite set of points. Since the nonlinear models are used without linearization, it is much simpler to implement and less time consuming for a real time application. Qi et al. [26] , [27] , [28] , [29] proposed states and parameters joint estimation based on square-root UKF and KF-based adaptive UKF with a full nonlinear model of the Unmanned Helicopter (UH). The KF-based adaptive UKF is composed of two parallel master-slave filters. Compared to UKF, the KF-based adaptive UKF is a much simpler and highly effective estimation method. Jonathan et al. [30] proposed a model-based damage detection algorithm for rotating blades based on a set of KFs. Heredia et al. [31] , [16] obtained the UH model from input-output experimental data with the Observer/Kalman Filter Identification (OKID) method and presented a system for helicopter sensors fault detection based on the OKID method. The main advantage of the proposed method is that there is no need to estimate neither the system matrices nor the measurement and process noise covariance matrices, as all the information is extracted from experimental input-output data.
Besides observer-based and KF-based approach, JLitt et al. [32] used Recursive Least Squares (RLS) method to compute the value of the fault parameters and the maximum time it takes to achieve an appropriate identification depends upon how fast the fault parameters converge. In a different way, Wu et al. [33] proposed an Adaptive Extended Set-Member Filter (AESMF) method for sensor fault diagnosis.
A summary of these schemes can be found in Table I . B. Signal processing-based approaches
Signal processing-based approaches do not require accurate analytical model. They use signal processing methods directly with stronger adaptive capability and can be used for linear systems and nonlinear systems in principle. These methods are built on the basis of thorough analysis on the failure mechanism to determine signal characteristics which can mostly represent failures.
There are some common characteristics of almost all articles about signal processing-based approaches, connection with transmission mechanism or rotor system, used for manned helicopters and dedicated to vibration signal. Extensive research has been conducted on gear diagnosis as reported [35] .
Some researchers used wavelet transform technology. Qi and Han [17] proposed a novel wavelet-based approach to detect an abrupt fault in UH sensor system. Li et al. [36] defined an effective gear fault location detection methodology using Acoustic Emission (AE) sensors for splitting torque gearbox by analyzing the arrival time of the AE bursts to determine the gear fault location. Waschburger et al. [37] presented an experimental validation of wavelet-based analytical redundancy technique on a 3DOF UH platform. Besides wavelet technique, Kaliappan et al. [38] detected the faults by measuring the rate of change of data with respect to time. Siegel et al. [39] , [40] proposed methodology for predicting helicopter rolling element bearing failure which includes a serie of processing steps prior to the prediction routine, including feature extraction, feature selection, and health assessment. The authors outlined the advantages and disadvantages of different methods in each step. Loughlin et al. [41] used conditional time-frequency moments which have a simple physical interpretation, namely, they are the mean, median and mode frequencies at a given time, and the spread about the mean frequency at a given time. This method characterized the faults well and can differentiate between different fault classes. For the time-frequency analysis, some methods have been proposed for particular faults, such as Randall [42] , Schwartz et al. [43] , Williams et al. [44] , Girondin et al. [45] , Hood et al. [46] , Ehinger et al. [47] and also Hassan et al. [48] .
A summary of these schemes can be found in Table II .
C. Knowledge-based approaches
Knowledge-based FD approaches introduce a wide range of information in relationship with diagnosis objectives. In particular, Knowledge-based FD approaches can make full use of knowledge of experts in the field and avoid a reliance on accurate mathematical model. Among these approaches, expert system [49] , [50] , rule extracting based on Maximum Characteristic Granule (MCG) [51] , rule extraction based on granular computing [52] , genetic algorithms [53] and multi-sensor mixtures Hidden Markov Models (HMM) [54] are considered to diagnose faults on a specific subsystems of helicopter. Unmanned Helicopters are rarely considered with knowledge-based FD approaches. However, as a kind of knowledge-based FD approaches, Neural Network (NN) is widely used. For instance, Ganguli et al. [55] , [56] , and also Morel et al. [57] proposed a rotor system fault detection method using physics-based model and NN. Damages analyzed include moisture absorption, damaged lag damper Bicoherence Analysis Rotor Helicopter [48] and damaged pitch-control system. Relative changes in rotor blade response and vibration due to the presence of faults are used to train neural networks for damage detection and identification. Qi et al. [58] presented an adaptive threshold NN scheme for UH sensor failure diagnosis. The adaptive threshold approach eliminates the need for thresholds changing with flight condition varying. A summary of these schemes can be found in Table III . Genetic Algorithms Gearbox Helicopter [53] IV. CONCLUSIONS A review of existing works in the area of fault diagnosis methods for helicopters is given, including both unmanned helicopters and manned helicopters. Generally, unmanned helicopters have small scale so that they cannot instal redundant actuators or sensors. FD methods for this kind of helicopters mainly deal with actuator or sensor faults. Compared with unmanned helicopters, manned helicopters have large scale with many redundant actuators and sensors.
FD methods for them mainly focus on transmission systems. With the development of science and technology, researches on FD methods for helicopters have made a number of encouraging progresses. But there are still many problems, like different fault decoupling, simultaneous diagnosis of multiple faults and comprehensive diagnosis.
In the future, the research work on FD for helicopters will be more expanded on integration of a variety of diagnosis methods in order to deal with Fault Tolerant Control System design.
